Pilotte, L.; Larrieu, P.; Stroobant, V.; Colau, D.; Dolusic, Eduard; Frederick, Raphaël; De Plaen, E.; Uyttenhove, C.; Wouters, Johan; Masereel, Bernard; Van Den Eynde, B.J.
Reversal of tumoral immune resistance by inhibition of tryptophan 2,3-dioxygenase
Edited by Vincenzo Cerundolo, John Radcliffe Hospital, Oxford, United Kingdom, and accepted by the Editorial Board January 9, 2012 (received for review August 25, 2011) Tryptophan catabolism mediated by indoleamine 2,3-dioxygenase (IDO1) is an important mechanism of peripheral immune tolerance contributing to tumoral immune resistance, and IDO1 inhibition is an active area of drug development. Tryptophan 2,3-dioxygenase (TDO) is an unrelated hepatic enzyme that also degrades tryptophan along the kynurenine pathway. Here, we show that enzymatically active TDO is expressed in a significant proportion of human tumors. In a preclinical model, TDO expression by tumors prevented their rejection by immunized mice. We developed a TDO inhibitor, which, upon systemic treatment, restored the ability of mice to reject TDO-expressing tumors. Our results describe a mechanism of tumoral immune resistance based on TDO expression and establish proof-of-concept for the use of TDO inhibitors in cancer therapy.
cancer immunotherapy | small molecule inhibitor | immunomodulation | immune suppression T ryptophan 2,3-dioxygenase (TDO) is a homotetrameric hemecontaining cytosolic enzyme encoded by gene TDO2 and expressed at high levels in the liver. It catalyses the first and ratelimiting step of tryptophan degradation along the kynurenine pathway and thereby regulates systemic tryptophan levels. The same reaction can be catalyzed by another heme-containing cytosolic enzyme, named indoleamine 2,3-dioxygenase (IDO1), which has no sequence similarity with TDO, is not expressed in the liver, and is monomeric. IDO1 has been the focus of attention in recent years because of its immunosuppressive effects on T lymphocytes, resulting partly from tryptophan depletion and partly from direct effects of tryptophan catabolites (1) (2) (3) . IDO1 is expressed constitutively in the placenta, where it plays a key role in feto-maternal tolerance (2) , and in many tumors, where it contributes to tumoral resistance to immune rejection (4-7). IDO1 expression is also inducible in many cells, including dendritic cells, and appears to play a role in peripheral immune tolerance and the retro-control of immune responses (8) . In contrast, little is known about the effect of TDO expression on the immune response. A recent report indicated that human cells transfected with TDO depleted tryptophan and thereby prevented both the growth of pathogens and the proliferation of allogeneic T lymphocytes (9) . These results suggested that TDO might mediate immunosuppressive effects similar to those of IDO1. We set out to examine whether tumor cells express TDO and thereby inhibit T-cell-mediated immune responses.
Results
We first observed that many human tumor samples expressed gene TDO2 as measured by real-time RT-PCR (Table 1) . This was the case for 41% of bladder carcinomas, 50% of melanomas and 100% of hepatocarcinomas. To confirm the activity of TDO in tumor cells, we selected a series of human tumor cell lines that also expressed the TDO2 mRNA. We incubated cells for 24 h in medium containing a known concentration of tryptophan, and measured by HPLC in the supernatant the concentration of tryptophan and kynurenine, which is the main tryptophan catabolite (Table 2) . HEK-293 cells transfected or not with human TDO2 were used as positive and negative controls. We observed a clear activity in cell lines expressing more than one copy of TDO2 mRNA per cell. Because some of these tumor lines also expressed IDO1, we used TDO inhibitor 680C91 (10) and IDO1 inhibitor 1-methyl-L-tryptophan (1MT) (4) to distinguish the activity of both enzymes in the cellular assay. In cell lines expressing TDO and not IDO1, tryptophan degradation was completely blocked by 680C91 and not by 1MT, as expected (Table 2 ). In cell lines expressing both enzymes, an additive effect of both inhibitors was observed (Table 2 and Fig. S1 ). The TDO activity of those lines and its direct inhibition by 680C91 were confirmed in an enzymatic assay performed on crude cell extracts, which is not dependent on the transport of the substrate and the inhibitor across the cell membrane (Table 2 and Fig. S2 ).
To determine whether TDO expression allows tumor cells to resist immune rejection by T cells, we used the P815 mouse tumor model (4) . P815 tumor cells regularly produce tumors when injected intraperitoneally into naïve syngeneic DBA/2 mice, even though they are clearly immunogenic and express several tumor antigens recognized by cytolytic T lymphocytes (CTL). One of these antigens is encoded by cancer germ-line gene P1A and is the major target of the rejection response of mice immunized against P815 (11) . Mice immunized against this antigen reject a challenge of P815 tumor cells injected in the peritoneal cavity (12) . We transfected subline P815B, which does not express TDO2, with an expression plasmid containing the mouse TDO2 cDNA. We selected transfected P815B mTDO clones 8 and 12, which degraded tryptophan at levels similar to human tumor lines ( Table 2) . We then immunized mice against the P1A antigen and injected them 4 wk later with an i.p. challenge of transfected P815 cells. As expected, most mice rejected the control P815B clone 1, which was transfected with an empty vector and did not express TDO (Fig. 1A) . In contrast, most mice injected with TDO-expressing tumor cells developed progressive tumors and died. This was true for both TDO-transfected clones. The three clones produced progressive tumors in all naïve mice, but the TDO-expressing tumors grew somewhat faster (Fig. 1B) . This might result from the occurrence of a primary immune response that retards the growth of the tumors and is abolished Author contributions: L.P., P.L., J.W., B.M., and B.J.V.d.E. designed research; L.P., P.L., V.S., D.C., E.D., R.F., E.D.P., and C.U. performed research; V.S., D.C., E.D., R.F., J.W., and B.M. contributed new reagents/analytic tools; L.P., P.L., D.C., R.F., E.D.P., and B.J.V.d.E. analyzed data; and L.P., P.L., and B.J.V.d.E. wrote the paper. with the TDO-expressing tumors. The intrinsic tumorigenicity of the three clones was similar, as indicated by their identical progression in irradiated mice (Fig. 1B) . They also expressed identical levels of P1A mRNA, as measured by semiquantitative RT-PCR, and were equally lysed by P1A-specific CTL (Fig. 1C ). These results were very similar to those we reported previously with IDO1-expressing tumor cells, and suggested that the progression of TDO-expressing tumors in P1A-immunized mice resulted from the ability of those tumors to prevent their rejection by T lymphocytes. To visualize this effect on T lymphocytes, we used H-2L d /P1A tetramers to measure the number of P1A-specific CTL in the peritoneal cavity of immunized mice before and after the challenge with P815 tumor cells. Immunized mice contained detectable amounts of P1A-specific CTL, which further increased four days after challenge with P815B control cells (Fig. 1D ). This increase was limited in mice challenged with TDO-expressing P815B mTDO cl12, suggesting that TDO expression reduces T lymphocyte proliferation locally.
The results outlined above indicated that pharmacological inhibition of TDO could combat tumoral immune resistance and promote tumor rejection. So far, several compounds were reported as TDO inhibitors (10, (13) (14) (15) . One series, initially developed by Madge and Salter as combined TDO/serotonin reuptake inhibitors for depression therapy, is characterized by a (fluoro)indole scaffold substituted in the 3-position by a pyridinyl-vinyl side chain. Among these compounds, the analog 680C91 represents a very attracting compound, as it is endowed with a good TDO inhibition potency and is deprived of activity on serotonin reuptake (10) . As a first step, we assessed bioavailability of 680C91 in mice by the oral route. After administration of 160 mg/kg/day in the drinking water up to 7 d, we measured plasma concentrations of 680C91 below 0.2 μg/mL (0.8 μM), indicating the poor bioavailability of the compound, presumably related to its poor solubility ( Fig. 2A) . We thus started a medicinal chemistry program aimed at improving the aqueous solubility and bioavailability in this series (16) . This eventually led to the discovery of compound LM10, which is characterized by a 6-fluoro-indole substituted in the 3-position by a tetrazolyl-vinyl side chain and displays a good TDO inhibition (Ki = 5.6 μM) with a competitive inhibition profile ( Fig. 2A; ref. 16 ). LM10 does not inhibit IDO and has a high solubility and bioavailability ( Fig. 2A) . The plasma concentration of LM10 after oral administration of 160 mg/kg/day was between 20 and 40 μg/mL (87-175 μM), a concentration about 40 times above the IC50 measured in the cellular assay performed with the physiological concentration of plasma tryptophan (80 μM; Fig. 2A; ref. 17) .
To determine whether systemic treatment with LM10 was able to promote rejection of TDO-expressing tumors, we immunized and challenged mice as above and administered LM10 in the drinking water (Fig. 2B) . We observed that systemic treatment of immunized mice with LM10 (160 mg/kg/day) prevented the growth of TDO-expressing P815 tumor cells. This was true for both TDO-transfected clones. Surprisingly, LM10 treatment also promoted better rejection of control clone P815B cl1, which does not express TDO. One explanation for this might be the expression of TDO by macrophages at the tumor site, as activation of macrophages by phorbol esters or intracellular infection was shown to induce TDO expression (18, 19) . We confirmed expression of TDO2 mRNA in F4/80 + macrophages isolated from the peritoneal cavity of both control mice and immunized mice carrying ascitic P815B cl1 tumor cells (Fig. S3 ).
Mice treated with LM10 did not show obvious signs of toxicity. Because TDO is mostly expressed in the liver, we evaluated liver damage at the end of the experiment as a first attempt to evaluate the safety of LM10 treatment. After more than 100 d of systemic administration of LM10, we found no significant difference between treated and untreated mice for their plasma level of hepatic enzymes alkaline phosphatase (ALAP), γ-glutamyltransferase (γ-GT), alanine aminotransferase (ALAT), and aspartate aminotransferase (ASAT) ( Table 3) . Those levels remained within the normal range, suggesting the lack of liver toxicity of prolonged TDO inhibition with LM10.
To determine whether the antitumor effects of LM10 resulted only from promoting tumor rejection or whether LM10 also had a direct effect on tumor cells, we injected immunodeficient RAG2 knockout mice with TDO-expressing P815 cells and treated them with LM10 as above. Tumor growth was not affected by LM10 treatment in RAG2 knockout mice, indicating that the effect of LM10 was dependent on the immune system in this model (Fig. 3) .
Discussion
Cancer immunotherapy is emerging as a promising approach for cancer treatment. Various strategies to modulate antitumor responses have been tested for many years and some of them recently proved clinically useful or even gained FDA approval (20) (21) (22) (23) (24) (25) (26) . However, it is also becoming clear that an important limitation of cancer immunotherapy results from the ability of some tumors to resist immune rejection (27) . A variety of mechanisms can account for such resistance, only some of which are amenable to modulation to improve the efficacy of cancer immunotherapy. One such mechanism is based on tryptophan catabolism by IDO1, which is frequently expressed in tumors (4, 6) . We previously observed in a preclinical model that rejection of IDO1-expressing tumors was promoted by systemic treatment with an IDO1 inhibitor (4). The search for IDO1 inhibitors that can be used clinically is ongoing (7, (28) (29) (30) . We show here that tumors also use another means to degrade tryptophan and resist immune rejection: they express TDO, the tryptophan-degrading enzyme normally expressed almost exclusively in the liver. Interestingly, the immunosuppressive effect of liver-expressed TDO might contribute to the allograft tolerance usually observed after liver transplantation, as recently suggested (9). Similarly, low levels of TDO were observed in early concepti, where they might contribute to tolerance of the embryo by the maternal immune system (31) (32) (33) .
Using a TDO inhibitor, we proved, in a preclinical model, the concept that TDO inhibition promotes tumoral immune rejection. It will be of interest to evaluate the role of TDO in additional tumor models expressing various levels of TDO. The adverse effects of TDO inhibition appear limited. TDO is normally expressed at a high level in the liver and at low level in the brain (34). We did not observe obvious toxicity in mice treated with LM10 for 3 months. Moreover, mice genetically deficient for TDO2 were recently obtained and found viable and healthy (35) . The main observation in those mice is a reduced anxiety, which may result from their highly increased serum levels of tryptophan. Indeed, tryptophan is the precursor of serotonin, and TDO inhibitors were previously considered as potential antidepressants (10) . A recent report published during the reviewing process of this paper corroborates our findings by showing that TDO is expressed constitutively in human glioblastomas and promotes tumor progression through the production of kynurenine acting as endogenous ligand of the aryl hydrocarbon receptor, resulting in increased tumor cell survival and motility, and reduced antitumor immune responses (36) . In our tumor model, however, we did not observe a tumor cell autonomous effect of TDO activity, (16) . A cellular assay based on mouse P815B-mTDO, mouse P815B-mIDO, or human 293E-hTDO cells was used to measure IC50, defined as the concentration giving 50% inhibition of TDO activity at a L-tryptophan concentration of 80 μM. Values ± SEM are shown corresponding to the mean of three independent experiments. LD50 was estimated by an MTT assay evaluating cell viability in the same cultures. Solubility was evaluated at room temperature as described in ref. 16 . Bioavailability was estimated by measuring plasma concentration of the compounds after 1, 2, or 7 d of oral administration of 160 mg/kg/day. Mice (n = 10) received either normal drinking water or a solution of 1 mg/mL 680C91 at pH 2.5 or 1 mg/mL LM10 at pH 9, of which they drank an average of 4 mL/day. (B) Tumor progression in immunized mice (n = 45 per group) challenged by i.p. injection of 4 × 10 5 cells from either P815B-mTDO cl8 (diamonds, Left), P815B-mTDO cl12 (triangles, Center), or P815B cl1 (circles, Right) and treated (black symbol) or not (white symbol) with 160 mg/kg/day LM10 in the drinking water, starting one day before the injection of tumor cells. Shown are the compiled results of three experiments, each involving groups of 15 mice. The untreated groups are identical to those shown on Fig. 1A . Mice received either normal drinking water or a solution of LM10 at 1 mg/mL P = 0.001, P < 0.001, and P = 0.006 for treated versus untreated mice after challenge with cl8, cl12 and cl1, respectively (Logrank test). Table 3 . Evaluation of liver toxicity of LM10 in mice Liver enzyme* ALAT (IU/mL ± SEM) ALAP (IU/mL ± SEM) ASAT (IU/mL ± SEM) γ-GT (IU/mL ± SEM) as TDO inhibition in vivo resulted in tumor control in immune competent but not in immunodeficient mice (Fig. 3) .
Blocking both TDO and IDO1 to improve the efficacy of cancer immunotherapy would be complementary, not redundant: in a series of 104 human tumor lines of various histological types, we observed 20 tumors expressing only TDO2, 17 expressing only IDO1 and 16 expressing both (Table 4) . Therefore, targeting both IDO1 and TDO would allow reaching 51% of tumors instead of 32% with IDO1 or 35% with TDO alone. Moreover, our results suggest that TDO inhibition might be useful also for tumors that do not intrinsically express TDO. If confirmed, this notion would further increase the proportion of tumors eligible for such a therapy.
In conclusion, pharmacological inhibition of TDO might represent a safe and efficient approach for cancer therapy acting by promoting tumoral immune rejection, thereby leveraging cancer immunotherapy.
Materials and Methods
Mice. DBA/2 mice aged 6-8 wk were purchased from Harlan, provided food and water ad libitum, and housed under specific pathogen-free conditions. Animals were immunized by injection of 10 6 live L1210.P1A.B7-1 cells into the peritoneal cavity and challenged 4 wk later by i.p. injection of 4 × 10 5 tumor cells, as described (4, 12). As indicated, mice were given LM10 in the drinking water (1 mg/ mL, pH 9), of which they drank an average of 4 mL/day. For assessment of bioavailability, naïve mice (n = 10) were given a solution of 680C91 (1 mg/mL, pH 2.5) or LM10 (1 mg/mL, pH 9) instead of drinking water. Blood was collected from the retro-orbital sinus in Lithium-Heparin tubes (Microvette 500 LH, Sarstedt). After centrifugation at 11,000 × g for 10 min, plasma was collected and the concentration of compound was measured by HPLC-UV at 345 nm (680C91) or 326 nm (LM10). For the HPLC analysis, 50 μl of supernatant were mixed with 500 μl of acetonitrile to precipitate the proteins. After centrifugation, the supernatant was collected, concentrated in a speedvac, resuspended in a final volume of 100 μl of water, and injected onto an Onyx Monolithic C18 column (Phenomenex). Hepatic enzymes were assayed on a Synchron CX system according to the manufacturer's instructions (Beckman Coulter). The ethical committee of the Faculty of Medicine, Université Catholique de Louvain, approved all mouse experiments. Expression of TDO2 an IDO1 was evaluated by RT-PCR on RNA isolated from human tumor cell lines. NSCLC: non small cell lung carcinoma, SCLC: small cell lung carcinoma. In some tumor types, such as melanoma, the proportion of TDO2-expressing tumor lines is lower than the proportion of TDO2-expressing tumor samples (see Table 1 
